Virus entry into cells is a multistep process that often requires the subversion of subcellular machineries. A more complete understanding of these steps is necessary to develop new antiviral strategies. While studying the potential role of the actin network and one of its master regulators, the small GTPase Cdc42, during Junin virus (JUNV) entry, we serendipitously uncovered the small molecule ZCL278, reported to inhibit Cdc42 function as an entry inhibitor for JUNV and for vesicular stomatitis virus, lymphocytic choriomeningitis virus, and dengue virus but not for the nonenveloped poliovirus. Although ZCL278 did not interfere with JUNV attachment to the cell surface or virus particle internalization into host cells, it prevented the release of JUNV ribonucleoprotein cores into the cytosol and decreased pH-mediated viral fusion with host membranes. We also identified SVG-A astroglial cell-derived cells to be highly permissive for JUNV infection and generated new cell lines expressing fluorescently tagged Rab5c or Rab7a or lacking Cdc42 using clustered regularly interspaced short palindromic repeat (CRISPR)-caspase 9 (Cas9) gene-editing strategies. Aided by these tools, we uncovered that perturbations in the actin cytoskeleton or Cdc42 activity minimally affect JUNV entry, suggesting that the inhibitory effect of ZCL278 is not mediated by ZCL278 interfering with the activity of Cdc42. Instead, ZCL278 appears to redistribute viral particles from endosomal to lysosomal compartments. ZCL278 also inhibited JUNV replication in a mouse model, and no toxicity was detected. Together, our data suggest the unexpected antiviral activity of ZCL278 and highlight its potential for use in the development of valuable new tools to study the intracellular trafficking of pathogens.
T he Junin virus (JUNV) is an important member of the New
World arenavirus family (clade B) and is responsible for outbreaks of Argentine hemorrhagic fever in South America, where 5 million people are considered to be at risk (1) . The reservoir of JUNV is the rodent Calomys musculinus, a known healthy carrier (although infertile), from which the virus can cross the species barrier and infect humans (2) . Several arenaviruses, including JUNV, are classified as category A pathogens by the Centers for Disease Control and Prevention and considered potential bioterrorism agents, requiring proactive research and the development of preventive and therapeutic antiviral treatments (3) .
JUNV is an enveloped virus composed of a small segment and a large segment of ambisense single-stranded RNA encoding four proteins: the nucleoprotein (NP), the envelope glycoprotein (GP) complex, the RNA-dependent RNA polymerase (L), and the matrix protein (Z). The GP complex is first expressed as a polyprotein precursor that is cleaved into the stable signal peptide (SSP), GP1, and GP2, with SSP being involved in GP intracellular trafficking and membrane fusion (4) .
Interventions for JUNV infection are currently limited. The JUNV strain Candid #1 is used as a live-attenuated vaccine in regions where JUNV is endemic and shows strong protection efficacy in humans (5) . Injection of immune plasma from a previously JUNV-infected patient is currently the only option that improves a patient's prognosis (6) . Therefore, safe and reliable therapies should be developed to face potential future outbreaks. The use of antiviral compounds targeting entry steps of the viral cycle represents an attractive approach to fight infections upstream of viral replication.
JUNV entry can be dissected into several steps: attachment of virus particles to the cell surface, internalization into endosomal compartments, and penetration of the viral genome into the cytosol. JUNV requires cellular entry factors, including the transferrin (Tf) receptor and the voltage-gated calcium channel, to attach to cells and further fuse with cellular membranes (7, 8) . Fusion allows the release of the ribonucleoproteins (RNPs), composed of the viral genomic RNA protected by NP proteins, into the cytosol of the infected cell. Available evidence supports the possibility that the internalization of JUNV depends on clathrin-mediated endocytosis and requires subsequent endosomal acidification for membrane fusion and penetration (9) (10) (11) . The early and late endosomal compartments, as identified by the small GTPases Rab5 and Rab7, respectively, have also been proposed to be important for efficient JUNV infection (12) . Entry of JUNV is thought to depend in part on the integrity of the actin network, on the basis of the findings of experiments performed using long-term treatment with actin polymerization inhibitors (13, 14) . One difficulty with the interpretation of these results, however, is the possibility that the inhibitory effects are indirect, given the importance of the actin cytoskeleton in many other cellular functions.
Cdc42 is a small GTPase protein known to regulate actin polymerization (15, 16) . The activity of Cdc42 can be regulated by the guanine nucleotide exchange factor intersectin (17) (18) (19) . A virtual in silico screen based on the three-dimensional structure of Cdc42 and intersectin identified the small molecule ZCL278 [4-{3-[2-(4-bromo-2-chloro-phenoxy)-acetyl]-thioureido}-N-(4,6-dimethyl-pyrimidin-2-yl)-benzenesulfonamide] to be an inhibitor of Cdc42 function with the potential to insert into the Cdc42 groove that interacts with intersectin (20) . In cells, ZCL278 was shown to efficiently inhibit chemically induced filopodium formation, a process dependent on Cdc42 activity.
Here, we identify ZCL278 to be a potent inhibitor of JUNV cellular entry. Unexpectedly, we found that the entry of JUNV is mostly independent of Cdc42 and actin. Investigation of the step at which ZCL278 inhibits JUNV entry demonstrates that viral attachment and the internalization of JUNV particles are unaffected. In contrast, ZCL278 decreases the amount of the JUNV RNP cores released into the cytosol and prevents pH-dependent GP-mediated fusion. Moreover, we observed that the intracellular trafficking of JUNV particles is perturbed in ZCL278-treated cells, with three times more particles being associated with proteolytically active lysosomal compartments. The distribution of JUNV particles within early/late endosomes in cells treated with ZCL278 is also severely impaired compared to that in untreated cells. In the absence of infection, ZCL278 treatment of cells significantly increases the degradation of exogenous bovine serum albumin (BSA) but has no effect on the degradation of endogenous epidermal growth factor receptor (EGFR) or on endosomal/lysosomal acidity. We show that ZCL278 antiviral activity also extends to vesicular stomatitis virus (VSV), lymphocytic choriomeningitis virus (LCMV), and dengue virus serotype 2 (DV2), while poliovirus type 1 (PV1) was unaffected. Finally, ZCL278 is extremely potent in preventing JUNV replication in a mouse model, demonstrating that ZCL278 or related compounds could be considered therapeutic candidates to prevent JUNV-related diseases.
MATERIALS AND METHODS
Reagents. ZCL278 [4-{3-[2-(4-bromo-2-chloro-phenoxy)-acetyl]-thioureido}-N-(4,6-dimethyl-pyrimidin-2-yl)-benzenesulfonamide] was purchased from Tocris Bioscience, latrunculin A (Lat A) and latrunculin B (Lat B) were purchased from EMD Millipore, and jasplakinolide (Jasp) was purchased from Enzo Life Sciences. Ribavirin, chloroquine (CQ), bafilomycin A1 (BafA), and cytochalasin D (Cyto D) were obtained from Sigma-Aldrich, and green dequenched (DQ) BSA, Tf from human serum, and Alexa Fluor 647 (A647) conjugate were obtained from Life Technologies. The CellTiter-Glo luminescent cell viability assay was obtained from Promega. The rabbit polyclonal anti-Cdc42 antibody (antibody sc-87) was purchased from Santa Cruz. The rabbit monoclonal anti-Lamp1 antibody (antibody D2D11) was purchased from Cell Signaling. The mouse monoclonal anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody (antibody 6C5) was obtained from GeneTex. The mouse anti-EGFR antibody (antibody 13C9) was obtained from Genentech. The following antibodies targeting JUNV proteins have been previously characterized (21) and were provided by BEI Resources: SA02 mouse monoclonal anti-NP antibody (clone SA02-BG12; catalog number NR-2573), QB06 mouse monoclonal anti-NP antibody (clone QB06-AE05; catalog number NR-2576), LD05 mouse monoclonal anti-GP antibody (clone LD05-BF09; catalog number NR-48833), GD01 mouse monoclonal anti-GP antibody (clone GD01-AG02; catalog number NR-43776), and GB03 mouse monoclonal anti-GP antibody (clone GB03-BE08; catalog number NR-2564). Antibodies were coupled to Alexa Fluor 488 (A488), Alexa Fluor 568 (A568), or Alexa Fluor 647 carboxylic acid (succinimidyl ester) or biotin-XX (sulfosuccinimidyl ester) from Life Technologies. The plasmid pcDNA3-EGFP-Cdc42(wt) and pcDNA3-EGFP-Cdc42(T17N) were gifts from Klaus Hahn (Addgene plasmids 12599 and 12601, respectively). All oligonucleotides were synthesized by Integrated DNA Technologies, and sequencing analyses were performed by Macrogen Corp. The compound 17C9 was obtained from Dale Boger's lab and corresponds to the optically active S-enantiomer form at 10 mM resuspended in dimethyl sulfoxide (22, 23) .
Cell maintenance. Vero, HEK 293FT, Huh7, and SVG-A cells (ATCC) were maintained at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) with GlutaMAX (Life Technologies-Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Atlanta Biologicals) and 100 IU ml Ϫ1 penicillin-100 mg ml Ϫ1 streptomycin (Life Technologies-Gibco). SUM159 human breast carcinoma cells (24) were cultured in DMEM-F-12 medium-GlutaMAX (Life TechnologiesGibco) supplemented with 5% heat-inactivated FBS, 100 IU ml Ϫ1 penicillin, 100 mg ml Ϫ1 streptomycin, 1 g ml Ϫ1 hydrocortisone, and 5 g ml Ϫ1 insulin (Sigma-Aldrich). A549 cells were cultured in DMEM-F-12 medium-GlutaMAX supplemented with 10% heat-inactivated FBS, 100 IU ml Ϫ1 penicillin, and 100 mg ml Ϫ1 streptomycin. Virus medium corresponds to DMEM-GlutaMAX supplemented with 2% heat-inactivated FBS, 100 IU ml Ϫ1 penicillin, and 100 mg ml Ϫ1 streptomycin. Virus production. Throughout this article, Junin virus or JUNV refers to the nonpathogenic vaccine strain Candid #1 (obtained from the S. Bavari laboratory at USAMRIID), which was the only strain used in this study. Production of JUNV was performed by inoculation of JUNV (passage 2 or 3) onto subconfluent Vero cells in a T170 flask at a multiplicity of infection (MOI) of 0.5 in 3 ml of virus medium. After 1 h, additional medium was provided, and cells were incubated for 72 h at 37°C with 5% CO 2 . The supernatant was harvested and cleared of cellular debris by centrifugation at 10,000 ϫ g at 4°C for 10 min. The virus-containing supernatant was frozen at Ϫ80°C before use. The Armstrong strain of LCMV used in this study was prepared as described above for JUNV. Viruses were titrated by plaque assay on Vero cells. DV2 and PV1 were grown as described elsewhere (25) .
Virus infectivity assays. Plaque assays were performed as previously described (25, 26) . For flow cytometry, cells were harvested at 16 h postinfection, fixed with 4% paraformaldehyde, and permeabilized with 0.5% bovine serum albumin (BSA) and 0.05% saponin in phosphate-buffered saline (PBS), followed by incubation with the SA02 mouse monoclonal antibody (2 g ml Ϫ1 ; clone SA02-BG12; catalog number NR-2573; BEI Resources) specific for the JUNV nucleoprotein (NP) and coupled to Alexa Fluor 488 or Alexa Fluor 647. Measurement of the mean fluorescence intensity of infected cells was performed on a FACSCanto II flow cytometer with 488-and 640-nm lasers (BD Biosciences). Analysis of the percentage of infected cells was completed using FlowJo software (TreeStar Inc.).
Virus labeling. The assay for the labeling of JUNV with A647 was performed as described previously (26) . A JUNV stock was incubated for 30 min at 25°C with a nonneutralizing mouse monoclonal antibody raised against the JUNV GP (4 g ml Ϫ1 ; clone LD05) coupled to Alexa Fluor 647 (Life Technologies). The mixture was gently applied on top of a 10% OptiPrep cushion (Sigma-Aldrich), and the combination was ultracentrifuged at 150,000 ϫ g for 2 h at 4°C using an SW55 Ti rotor (Beckman Coulter). The supernatant was discarded, and the pellets were resuspended in virus medium overnight in the dark at 4°C for gentle resolubilization.
RNA interference. Transfection of small interfering RNAs (siRNAs) was performed as described previously (27) . Briefly, 10 nM siRNA (FlexiTube siRNA; Qiagen) was used for the transfection of Vero cells with the Lipofectamine RNAiMax reagent (Life Technologies). The cells were washed at 6 h posttransfection and replated 2 days later. On day 3, the cells were either infected or lysed for RNA expression analysis. The siRNA target sequences used in this study were TTCAGCAATGCAGACAATTAA for the first siRNA targeting Cdc42 (siCdc42#1) and CATCAGATTTGAAATA TTTAA for the second siRNA targeting Cdc42 (siCdc42#2) and are proprietary for siAllstar.
RNA analysis. Total RNA from cells was purified using an RNeasy minikit (Qiagen) and was used as the template for cDNA synthesis (iScript kit; Bio-Rad) according to the manufacturer's instructions. Quantitative PCR (qPCR) assays used iQ SYBR green supermix (Bio-Rad) and were performed on a MyiQ iCycler machine (Bio-Rad) as follows: an initial PCR activation step of 5 min at 95°C and 40 cycles of denaturation and combined annealing/extension for 15 s at 95°C and 30 s at 60°C, respectively. Fluorescence data collection was performed at the end of each cycle, and a melt curve that showed the specificity of the primers used and that started at 50°C and increased 0.5°C every 10 s for 90 cycles was included at the end of each PCR. Viral and cellular complementary DNAs were detected using forward and reverse primers specific for PV1 (primers 5=-G AGTCAACGGATTTGGTCGT-3= and 5=-TTGATTTTGGAGGGATCTC G-3=, respectively), as described previously (28) , and GAPDH (primers 5=-GAGTCAACGGATTTGGTCGT-3= and 5=-TTGATTTTGGAGGGAT CTCG-3=, respectively).
Knock-in using CRISPR-Cas9. To generate a small guide RNA (sgRNA) containing a specific sequence targeting either Rab5c or Rab7a, a free PCR product strategy was used (29) . This involved PCR amplification of the U6 promoter using a unique forward primer (5=-GCCGGTACCT GAGGGCCTATTTCCC-3=) and a reverse primer that anneals with the end of the U6 promoter, followed by the 20-nucleotide target sequence, as well as the clustered regularly interspaced short palindromic repeat (CRISPR) RNA recognized by the caspase 9 (Cas9) enzyme. The 134-base primer was purchased as an ultramers from Integrated DNA Technologies and has the following sequences: 5=-ACCTCTAGAAAAAAAGCACCG ACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATT TTAACTTGCTATTTCTAGCTCTAAAACNNNNNNNNNNNNNN NNNNNNCGGTGTTTCGTCCTTTCCACAAG-3=. The underlined nucleotides correspond to the complementary sequence of the targeted DNA (see Fig. 6 ). The PCR amplification was performed using Herculase II DNA polymerase (Agilent), and the PCR cycles were set as follows: an initial activation step of 2 min at 95°C; 30 cycles of denaturation at 95°C for 30 s, annealing at 66°C for 30 s, and extension at 72°C for 90 s; and a final extension of 3 min at 72°C. Upon electrophoresis in 1% agarose, an ϳ430-bp band was obtained, and gel purification was performed using a Zymoclean gel DNA recovery kit (Zymo Research). Aliquots were kept at Ϫ20°C before use.
Donor DNA templates were generated from genomic DNA extracted from SVG-A cells by PCR amplification reactions using a QIAamp DNA minikit (Qiagen). The fragments obtained with primers F1-R1 and F3-R3 spanned Ϸ800 nucleotides upstream and 800 nucleotides downstream of the ATG codon of either Rab5c or Rab7a. The open reading frame encoding enhanced green fluorescent protein (EGFP) and a flexible linker with an amino acid sequence of GGSGGSGGS were obtained by PCR using primers F2-R2 from an expression plasmid vector. The PCR products and a pUC19 plasmid linearized using the SmaI restriction enzyme were annealed with each other using Gibson assembly master mix (New England BioLabs), according to the manufacturer's instructions. The reaction product was transformed into competent TOP10 cells, and sequencing of the bacterial colonies was performed.
SVG-A cells were cotransfected with 0.8 g of the plasmid coding for Streptococcus pyogenes Cas9, 0.8 g of the free PCR product coding for the target sgRNA, and 0.8 g of the template donor plasmid using the Lipofectamine 2000 reagent (Life Technologies) according to the manufacturer's instructions. Cells were expanded for 7 to 10 days and prepared for bulk sorting using a FACSAria II cell sorter (BD Biosciences) with an 85-m nozzle. The EGFP-positive population was initially ϳ1% and was enriched over 2 or 3 subsequent bulk sortings. When the EGFP-positive population reached at least 50%, sorting of single cells into 96-well plates was performed, and the subsequent monoclonal populations were expanded and screened for endogenous/edited alleles by PCR using forward primer 5=-GAGCCTGAAGTTGGGAGACC-3= and reverse primer 5=-CA TGCCCACTCACCTCCAAT-3= for Rab5c and forward primer 5=-GCGG TCACTTCTTTGAGAAAGT-3= and reverse primer 5=-AAGTGGCAGCA CGGACAGTGT-3= for Rab7a. We selected two clones, named EGFPRab5c ϩ/ϩ and EGFP-Rab7a ϩ/Ϫ , based on positive PCR identification. Knockout using CRISPR-Cas9. The knockout of specific genes was performed using a CRISPR-Cas9 lentiviral vector (lentiCRISPR) (30) expressing Streptococcus pyogenes Cas9 and the selection marker puromycin flanked by the long terminal repeats necessary for lentiviral production. The vector also contained a U6 promoter followed by two BsmBI restriction sites to allow the insertion of double-stranded material with a CACCG overhang at the 5= end of one strand and overhangs of CAAA at the 5= end and C at the 3= end of the other complementary strand. The detailed digestion/ligation protocol is described elsewhere (30) . Lentiviral production was performed by cotransfecting HEK 293FT cells with the lentiCRISPR construct containing the guide RNA (gRNA) of interest, the psPAX2 plasmid coding for the packaging lentiviral proteins, and pVSV-G coding for the GP envelope from VSV using the transfection reagent Trans-IT 2020 (Mirus Bio LLC) according to the manufacturer's instructions. The cells were washed at 6 to 10 h posttransfection, and the supernatant was harvested 3 days later. Lentiviral infection was performed by adding pure lentivirus-containing supernatant to cells in the presence of 10 g ml Ϫ1 Polybrene (EMD Millipore) for 6 to 10 h. The cells were washed, incubated for a further 36 h in cell culture medium, and subsequently incubated with 4 g ml Ϫ1 puromycin (InvivoGen) for 4 days. The medium was switched to normal culture medium for at least 24 h before experiments were performed.
Transferrin uptake. The Tf uptake assay was performed as described previously (27) . Briefly, cells were incubated for 10 min with 5 g ml wash), to remove the surface-bound Tf-A647. The cells were resuspended in 200 l PBS containing 1% BSA and 0.5 mM EDTA at 4°C. Measurement of the fluorescence intensity, reflecting the amount of Tf-A647 for each cell, was determined by flow cytometry using the 633-nm laser line of the FACSCanto II flow cytometer (BD Biosciences).
EGFR degradation assay. The EGFR degradation assay was performed in a way similar to that previously described (31) . Cells were serum starved for 2 h in minimal essential medium alpha (Gibco) and treated with 250 ng ml Ϫ1 epidermal growth factor (EGF) for an additional 2 h. Cells were subsequently fixed, permeabilized, stained with a mouse anti-EGFR antibody and a secondary anti-mouse IgG antibody coupled to A647, and analyzed by flow cytometry. The EGFR mean fluorescence intensity was measured by flow cytometry using a FACSCanto II flow cytometer. Cells were untreated or treated with 50 M ZCL278 or 1 M Jasp from 15 min prior to EGF addition to the end of the EGF incubation.
LTR staining. Cells were incubated with 50 nM LysoTracker red (LTR) for 5 min at 20°C. The cells were detached by trypsinization and kept on ice for the following two washes using cold PBS. The LTR mean fluorescence intensity was measured by flow cytometry using a FACSCanto II flow cytometer.
Plasma membrane fusion assay. Cells were cooled on ice for 20 min, followed by the inoculation of cold JUNV at an MOI of 5. Cells were washed in cold PBS and incubated with solutions at the pH indicated below at 4°C for an additional 30 min in the presence or absence of 50 M ZCL278. Viral fusion was blocked by incubating the cells with 4 g/ml neutralizing antibody for 15 min at 4°C. The cells were subsequently shifted to 37°C for 16 h, and the percentage of infected cells was determined by flow cytometry.
Immunofluorescence. Infected cells grown on coverslips were fixed with 4% paraformaldehyde for at least 15 min, permeabilized with 0.5% BSA and 0.05% saponin in PBS (see Fig. 5 ) or 5% BSA and 0.1% Triton X-100 (see Fig. 6 ), and incubated with the following primary antibodies at the indicated concentrations: anti-NP SA02 and QB06 antibodies and anti-GP GB03 antibody at 2 g ml Ϫ1 and anti-Lamp1 antibody at a 1:100 dilution. The acquisition of fluorescence intensity was performed on a Zeiss AxioObserver.Z1 inverted microscope mounted with a spinning disk head (Yokogawa), a QuantEM:512SC electron-multiplying chargecoupled-device camera (EMCCD; Photometrics), and 63ϫ (see Fig. 5 ) or 100ϫ (see Fig. 6 ) (numerical aperture, 1.4) oil objectives (Zeiss). Each acquisition corresponds to stacks spaced by 0.25 to 0.5 m that spanned the entire cell volume. Image processing started by creating a maximumintensity z projection for each channel, followed by segmentation using ImageJ software (version 1.48d). Binary masks were created, and the masks from NP signal images were multiplied, resulting in a new binary mask corresponding to all JUNV NP-positive (NP ϩ ) objects (total NP ϩ objects). This mask was then multiplied by the GP mask, generating a new mask corresponding to objects positive for both NP and GP (GP ϩ ) (NP ϩ and GP ϩ objects). The amount of total NP ϩ objects and NP ϩ and GP ϩ objects was measured using the Analyze Particles plug-in. The percentage of NP ϩ and GP-negative (GP Ϫ ) objects was calculated by subtracting the number of NP ϩ and GP ϩ objects from the total number of NP ϩ objects. The number of virus particles that were naturally devoid of GP (NP ϩ and GP Ϫ objects) was estimated by spreading JUNV onto glow-discharged glass coverslips. Staining and determination of NP ϩ and GP Ϫ objects were performed following the same protocol described above for cells.
Wound healing assay. Cells were plated at confluency on a single coverslip with adjacent individual chambers. The cell monolayer was then scratched using a 200-l pipette tip. Cell migration at 37°C with 5% CO 2 was monitored every 10 to 30 min for 12 h by bright-field illumination with a 10ϫ objective. An automated stage allowed the acquisition of up to 30 fields of view over the three chambers.
Cell viability. Cell viability was measured using a CellTiter-Glo luminescent cell viability assay (Promega) according to the manufacturer's instructions. Luminescence was acquired using a FLUOstar Omega microplate reader (BMG Labtech).
Mice. Mice were housed according to the policies of the Institutional Animal Care and Use Committee of the University of Pennsylvania, and this committee approved all experiments. C57BL/6 mice were purchased from The Jackson Laboratory and housed and bred at the University of Pennsylvania under animal biosafety level 2 conditions. Four-week-old mice received intravenous injections of gabapentin (Hi-Tech Pharmacal) or ZCL278 (Axon Medchem). At 1 h after treatment, the mice were inoculated intraperitoneally with JUNV Candid #1 (1 ϫ 10 6 PFU) in no more than 1 ml with a 27 1/2-gauge needle. Daily drug treatments at the doses depicted in the legend to Fig. 8B were administered intraperitoneally. At the end of the experiment, the mice were sacrificed, their spleens were homogenized with a Dounce homogenizer and centrifuged to generate a cell pellet and supernatant, and RNA expression levels were determined as described previously (7). Briefly, JUNV RNA was quantified by real-time quantitative PCR (RT-qPCR) using a 7800HT sequence detector system (Applied Biosystems) and a specific primer pair to detect the small segment of JUNV (Candid #1 strain; primers 5=-GGGGCAGTTCATTAGC TTCATGC-3= and 5=-CAAAGGTAGGTCATGTGGATTGTTGG-3=). All RNA quantifications were normalized to the amount of GAPDH RNA (obtained by PCR with primers 5=-CCCCTTCATTGACCTCAACTAC A-3= and 5=-CGCTCCTGGAGGATGGTGAT-3=). The Power SYBR green PCR kit (Applied Biosystems) was used to perform all RT-qPCR amplifications. The amplification conditions were 50°C for 2 min, followed by 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. At the end of the RT-qPCR run, a dissociation curve was determined to ensure that each primer pair generated a single product of amplification.
RESULTS

Characterization of new cell line models suitable for JUNV infection.
We sought to determine the role of specific host proteins during the entry of JUNV while being conscious to maintain physiologically relevant levels of those factors. We employed gene editing based on a CRISPR-Cas9 strategy to knock out specific genes or to obtain cells that endogenously express proteins of interest fused to fluorescent tags. To this end, we had to identify new human cellular models compatible with such techniques because the genome of Vero cells (derived from the green African monkey) has not been fully sequenced and at present is not suited for use in efficient gene-editing approaches. We had successful experiences in editing the genes of cells of the human breast cancer cell line SUM159 (27, 32, 33) and therefore evaluated SUM159 cells for permissiveness and compared them to the Vero and A549 cells routinely used in JUNV infection assays. In addition, we also tested SVG-A human astroglial cells as a potential host relevant for JUNV physiopathological studies. We found that all four cell lines support infection and produce infectious particles (Fig. 1 ). Vero and SVG-A cells very efficiently supported JUNV infection and spread ( Fig. 1A and B) , produced infectious viral particles ( Fig. 1C and D), and exhibited no major cell death due to JUNV infection over time (Fig. 1E ). In contrast, SUM159 and A549 cells supported JUNV replication to a lesser extent, produced fewer viral particles at day 3 postinfection, and poorly supported JUNV infection after 5 days postinfection.
In conclusion, all four cell lines were permissive to JUNV infection. Moreover, we identified the SVG-A glial cell line to be a useful alternative to Vero and A549 cells to study JUNV biology; indeed, it appears to be highly permissive and potentially more physiologically relevant.
Limited role of the actin network during JUNV entry. Next, we revisited whether the actin cytoskeleton plays a role during the early entry steps of JUNV infection in these four cell lines, as has been previously suggested (13, 14) . Vero, SUM159, SVG-A, and A549 cells were treated with Lat A, Lat B, Jasp, or Cyto D, four compounds well-known to interfere with the dynamics of the actin cytoskeleton through different mechanisms. To assess the role of actin specifically during the attachment/internalization phase, cells were exposed to JUNV together with one of the compounds for only 30 min to minimize the potential perturbation of later stages (endosomal trafficking and RNP release into the cytosol). Subsequently, the cells were incubated for 16 h without virus or compounds but in the presence of an anti-GP neutralizing antibody (see Fig. S1 , GD01 antibody, in the supplemental material) (21, 26) to prevent further infection posttreatment. Upon treatment, a very limited inhibitory effect on JUNV infection was observed in the four cell lines tested ( Fig. 2A) . The relatively high concentrations of actin-interfering drugs used in this experiment (1 M for each drug) induced some toxicity (Fig. 2B ), but no correlation between infectivity and toxicity could be established. These concentrations were used to ensure the fast and complete disruption of the actin network, and fluorescence microscopy imaging of cells transiently expressing LifeAct-RFP, which binds only to F actin, confirmed the effect of these treatments (see Fig. S2 in the supplemental material).
To assess the role of the actin network specifically during JUNV internalization, we used a recently described assay (34) to monitor by immunofluorescence microscopy the location of viral particles on Vero cells infected with JUNV that was fluorescently labeled with a nonneutralizing antibody (JUNV-A647; see Fig. S1 , LD05 antibody, in the supplemental material) (21, 26) in the presence or absence of Lat B. Upon fixation, the virus particles that were not internalized were detected using an anti-GP antibody coupled to Alexa Fluor 568 (A568) without prior permeabilization of the cells. As shown in Fig. 2C , this protocol allowed us to discriminate between endocytosed viruses (A647-positive cells only; red arrowhead) and virus particles remaining at the cell surface (A647-and A568-positive cells; yellow arrowheads). The images in the lower and upper panels of Fig. 2C were acquired, processed, and contrasted in the same way. Quantification of the percentage of endocytosed virions following 1 M Lat B treatment confirmed that the actin cytoskeleton is not involved in the process of JUNV endocytosis in Vero cells (Fig. 2D) .
In conclusion, our data highlight that, at best, the actin network plays a limited role during JUNV endocytosis.
Identification of ZCL278 as a potent JUNV entry inhibitor. In addition to investigating the effect of the actin-interfering agents just described, we also tested the small molecule ZCL278, an inhibitor of the Cdc42 small GTPase (20) . Cdc42 is an important regulator of branched actin dynamics (16) . Given the absence of a significant role of actin dynamics during JUNV entry and infection, we expected that the compound would not interfere with JUNV infection; however, we found that ZCL278 possesses significant antiviral activity against JUNV (Fig. 3) . Dose-response experiments were first carried out in Vero cells, and while ZCL278 was not toxic at concentrations up to 200 M, we found that it inhibited JUNV with a 50% inhibitory concentration (IC 50 ) of ϳ14 M, as measured by flow cytometry (Fig. 3A) . ZCL278- treated cells also produced fewer infectious particles (Fig. 3B) . No significant toxicity was detected in the four JUNV-infected cell lines tested using 50 M ZCL278 (Fig. 3C ), but potent antiviral activity was observed (Fig. 3D ). This inhibition of JUNV infection was as robust as that observed with treatment with 10 M 17C9, a known small-molecule inhibitor of the fusion mediated by the viral GP (22, 23) . A one-step growth curve of JUNV-infected cells treated with ZCL278 showed a significant decrease in the amount of viral RNA expressed compared to the amount expressed by untreated cells (Fig. 3E) . Finally, we found that treatment with ZCL278 added at 1 h postinfection for up to 16 h did not prevent JUNV replication, in contrast to the effect of a similar treatment with ribavirin (Fig. 3F) , a known postentry inhibitor of replication of RNA viruses, including JUNV (35) . These results indicate that ZCL278 interferes with early steps of JUNV infection prior to virus replication.
ZCL278 inhibits JUNV entry in a Cdc42-independent manner. Given that it has been proposed that ZCL278 interferes with Cdc42 function (20) , we investigated whether the protein Cdc42 was required for JUNV entry. We optimized a recently described knockout strategy using CRISPR-Cas9 lentiviral vectors (30) to fully eliminate the expression of Cdc42 in SUM159 cells. We designed an sgRNA targeting a region near the ATG codon of the Cdc42 gene (Fig. 4A) , which directs the Cas9-mediated cleavage of the genomic double-stranded DNA at this specific site, leading to error-prone nonhomologous end joining and the induction of irreversible gene disruptions. We selected two Cdc42-knockout SUM159 monoclonal cell lines with undetectable Cdc42 protein expression, as assessed by Western blotting (Cdc42 Ϫ/Ϫ clones 3 and 11; Fig. 4B ). Cells from both lines exhibited shapes slightly more elongated than those of their wild-type counterparts but maintained an actin cytoskeleton rather similar to that of their wild-type counterparts (see Fig. S3A and B in the supplemental material), as previously observed when Cdc42 activity was inhibited in the absence of stimulation (20, 36) . Cdc42 has a well-established role during filopodium formation and cell migration (37) . To test whether the two Cdc42 Ϫ/Ϫ cell line clones were functionally deficient in this respect, we set up a wound healing assay and quantified the area covered by migrating cells for 6 h postwounding ( Fig. 4C and D) . As expected and previously described using Cdc42-specific siRNA (38) , the migration of the Cdc42 Ϫ/Ϫ cell lines was strongly reduced compared to that of wild-type cells. Infection of these cells by JUNV showed that while clone 3 was as permissive as wild-type cells, a slight but significant decrease in infection could be observed in clone 11 (Fig. 4E) . This difference could be explained by the fact that complete long-term depletion of Cdc42 may activate cellular compensatory mechanisms and/or cause unexpected side effects.
We next performed experiments that induce Cdc42 perturbations for 3 days (rather than the several weeks needed as part of the selection procedure used to isolate knockout clones). Overexpression of a dominant negative form of Cdc42 in which the threonine at position 17 is replaced by an asparagine (T17N) strongly reduces the protein's affinity for GTP (39) . Cells expressing Cdc42 SUM159 cells subjected to Cdc42 knockout by transduction of a lentiviral vector were selected for 15 days postransduction, and monoclonal populations were isolated. The Cdc42 protein expression level from the wild type (WT), clone 3, and clone 11 was measured by Western blotting using an anti-Cdc42 antibody and revealed by use of a secondary antibody coupled to horseradish peroxidase. An anti-GAPDH antibody was used as a loading control. Even with a long exposure time, no Cdc42 protein could be detected in clones 3 and 11. (C) Wound healing assay of wild-type, Cdc42
Ϫ/Ϫ clone 3, or Cdc42 Ϫ/Ϫ clone 11 SUM159 cells that had been plated to confluence on the day before the scratch. Cells migrating to close the wound were imaged over a 12-h period. Micrographs show the same field of view at different time points after wounding for each cell type. The regions highlighted in dark brown indicate the surface area of the wound, which became smaller with time. The light brown regions delineate the cells that migrated, closing the wound, and correspond to the area covered (in millimeters squared). (D) The plot represents the area covered by the cells at 6 h after wounding compared to that covered at 30 min after wounding. Each dot represents a single movie, and eight movies were acquired per condition. Red lines, means Ϯ SDs. Statistical analyses for significance were performed using the two-tailed Student t test to compare the results for the wild type and either clone 3 or clone 11. ***, P Ͻ 0.0001. (E) Wild-type or Cdc42 Ϫ/Ϫ SUM159 cells (clones 3 and 11) were infected with JUNV for 16 h, and the percentage of infected cells was measured by flow cytometry. The data are normalized to the percentage of infected wild-type cells. Error bars are the means Ϯ SDs from eight independent experiments, in which the results for at least 5,000 cells per condition were acquired in duplicate. T17N showed a significant defect in cell migration (Fig. 4F) , while they remained permissive to JUNV infection (Fig. 4G) . Furthermore, depletion of Cdc42 in Vero cells by 92% and 81% using two individual siRNAs (Fig. 4H) did not reduce the level of JUNV infection (Fig. 4I) . Finally, acute treatment with another smallmolecule inhibitor of Cdc42 function (ML141 [40] ) caused partial JUNV entry inhibition to a lesser extent than 17C9 (see Fig. S4 in  the supplemental material) .
From the results of these experiments, we concluded that the elimination of Cdc42 expression or long-term interference with its function did not affect JUNV infection.
ZCL278 does not inhibit clathrin-mediated endocytosis, attachment of JUNV to the cell surface, or viral particle internalization. We next investigated which step of viral entry was inhibited by ZCL278. No significant difference in the number of JUNV-A647 particles bound to the cell surface at 4°C was observed between ZCL278-treated and untreated Vero cells, as measured by flow cytometry (Fig. 5A) . These data were confirmed by quantifying by RT-qPCR the amount of JUNV RNA bound to the surface of Vero cells at 4°C (Fig. 5B) . We also tested whether ZCL278 interferes with clathrin-mediated endocytosis using a Tf uptake assay that was described previously (27, 34) , with uptake efficiency being assessed by measuring the mean fluorescence intensity of endocytosed Tf-A647 by flow cytometry (Fig. 5C ). We observed no significant difference in Tf uptake between ZCL278-treated and untreated cells, whereas treatment with the smallmolecule dynamin inhibitor Dynasore-OH (41, 42) efficiently inhibited Tf-A647 endocytosis. Of note, the results of our previous study indicated that JUNV infection does not downregulate Tf receptor expression (34) . Finally, quantification of the percentage of endocytosed virions by immunofluorescence (Fig. 2D) showed that the internalization of JUNV was not impaired by the presence of ZCL278 (Fig. 5D) .
From these results, we concluded that ZCL278 does not prevent the binding of JUNV particles to the cell surface or its subsequent internalization.
ZCL278 inhibits the release of JUNV ribonucleoproteins from the endosomes to the cytosol. We investigated whether ZCL278 could interfere at a later entry step, namely, the exit of JUNV RNPs from the endosomes into the cytosol. We developed an immunofluorescence-based assay that distinguished complete viral particles located in either endosomes or the cytosol. Particles that were positive for both the NP and GP proteins of JUNV were defined as particles within endosomes, and particles that were positive for NP but negative for GP were defined as JUNV RNPs that had reached the cytosol upon exit from the endosome (see the schematic in Fig. 6A ). To reduce nonspecific staining, JUNV particles were first labeled with a nonneutralizing GP-specific antibody coupled to A647 (Fig. 2C and D) because labeling of cell-free virions strongly minimized the nonspecific antibody fluorescence background otherwise associated with cells. Vero cells infected with these labeled particles were fixed and stained with two noncompetitive monoclonal mouse anti-NP antibodies coupled to either Alexa Fluor 488 or Alexa Fluor 568. The positions of these NP fluorescent signals were correlated (see Materials and Methods) as a way to increase the accuracy of identification of true NP-positive objects by minimizing the nonspecific background given by each antibody separately (Fig. 6B ). Images were acquired by spinning disk confocal microscopy, and the relative amount of JUNV RNPs released into the cytosol was determined by dividing the number of NP ϩ and GP Ϫ objects (released RNPs) by the total number of NP ϩ objects (Fig. 6C) . The proportion of particles lacking GP present in our viral stock was estimated to be ϳ25% of the particles; this number was deducted from the values presented in Fig. 6C . ZCL278-treated cells showed a dose-dependent decrease in NP-positive objects that did not contain GP, suggesting that ZCL278 prevents viral particles from releasing their contents into the cytosol.
Next, we set up an infection assay that bypasses the endocytic step where JUNV was allowed to fuse directly at the plasma membrane using extracellular acidic pH switching. Vero cells were incubated with JUNV at 4°C to allow virus binding at the cell surface but to prevent endocytosis. After unbound viruses were removed, medium with the indicated pH was applied to cells at 4°C in the presence or absence of ZCL278 (Fig. 6D) . The fusion of the JUNV GP with cellular membranes requires endosomal acidification (7, 43) ; therefore, a low extracellular pH would allow JUNV fusion with the plasma membrane. Fusion events were stopped by incubation with a neutralizing antibody, and cells were switched to 37°C for 16 h to allow viruses that had fused to the plasma membrane to productively infect cells (Fig. 6D) . The increased percentage of infected cells at a pH of Ͻ5.6, quantified by flow cytometry, confirmed the ability of JUNV to fuse at the plasma membrane at 4°C (Fig. 6D, black line) . A significant 2-fold decrease in the percentage of infected cells was observed with ZCL278 treatment (Fig. 6D, blue line) .
Together, our data suggest that ZCL278 prevents the release of JUNV RNP by inhibiting GP-mediated fusion.
ZCL278 prevents the localization of JUNV particles in early and late endosomes. Because ZCL278 interferes with JUNV RNP release into the cytosol, we explored whether intact viral particles accumulated in early and/or late endosomes upon compound treatment. To perform this experiment, we used the CRISPR-Cas9 system to create two new gene-edited SVG-A cell lines expressing endogenous levels of EGFP-Rab5c or EGFP-Rab7a. Briefly, SVG-A cells were cotransfected with a plasmid carrying Cas9, a double-stranded linear DNA fragment encoding an sgRNA targeting a region near the ATG codon of either Rab5c or Rab7a (Fig. 7A) under the control of the U6 promoter, and a template plasmid carrying the EGFP sequence flanked by ϳ800 bp upStatistical analyses were performed using the two-tailed Student t test and showed no significant differences (ns) between the wild type and clone 3 (P ϭ 0.49) and significance differences between the wild type and clone 11 (*, P ϭ 0.013). (F) Wound healing assay, as exemplified in panel C, of SUM159 cells transfected with wild-type Cdc42-EGFP or a dominant negative mutant counterpart, Cdc42-EGFP T17N. Statistical analysis was performed using the two-tailed Student t test and showed a significant difference. ***, P Ͻ 0.0001. stream and downstream of the targeted region (see Materials and Methods for details). After sorting of single cells into 96-well plates by fluorescence-activated cell sorting, monoclonal populations were expanded and screened for endogenous/edited alleles. We selected two clones, one corresponding to EGFP-Rab5c ϩ/ϩ and the other corresponding to EGFP-Rab7a ϩ/Ϫ , as assessed by genomic PCR (Fig. 7B and C) .
The EGFP fluorescence in these EGFP-Rab5c ϩ/ϩ and EGFPRab7a ϩ/Ϫ cells showed rapidly moving punctate structures, as expected for endosomal vesicles ( Fig. 7B and C ; see also Movies S1 and S2 in the supplemental material). We tested whether endosomal trafficking in these cells was normal by performing an EGFR degradation assay as previously described (31) . Wild-type SVG-A cells treated with EGF had significantly reduced EGFR expression levels, reflecting the expected proteolysis of the receptor in the late endosomal/lysosomal compartment (see Fig. S5A in the supplemental material). The EGFP-Rab5c ϩ/ϩ and EGFPRab7a ϩ/Ϫ cells showed capacities to degrade EGFR similar to those of their wild-type unedited counterparts, suggesting that the intracellular transport of EGFR from the plasma membrane to the lysosomes was not significantly affected by the gene-editing procedure. Moreover, we observed that treatment with ZCL278 slightly reduced EGFR degradation in all the cell lines, while Jasp treatment blocked its degradation, as expected (see Fig. S5B and C in the supplemental material) (44) .
The EGFP-Rab5c ϩ/ϩ and EGFP-Rab7a ϩ/Ϫ cells were then infected with JUNV-A647 (generated as described in the legend to Fig. 2C ) for 30 min in the presence or absence of ZCL278 or NH 4 Cl, a compound that neutralizes endosomal acidification. The cells were then fixed and stained with an anti-NP antibody coupled to Alexa Fluor 568, and JUNV particles positive for A647 and A568 were analyzed for the presence of an EGFP signal. The percentage of intact viral particles found in the Rab5c-or Rab7a-positive and -negative compartments was quantified in the presence or absence of ZCL278 or NH 4 Cl (Fig. 7D) . Surprisingly, treatment with ZCL278 strongly decreased the presence of JUNV particles in Rab5c and Rab7a endosomes compared to that in control cells and NH 4 Cl-treated cells. Although we cannot exclude the possibility that a subset of JUNV particles was distributed in endosomes containing undetectable amounts of Rab5/7, we conclude that ZCL278 interferes with intracellular trafficking during JUNV entry.
ZCL278 increases JUNV particle accumulation in proteolytically active lysosomal compartments. During the analysis of the results presented in Fig. 7D , we observed that the total number of A647-positive puncta (GP ϩ ) lacking NP (NP Ϫ ) was significantly increased, from 38% Ϯ 23% of GP ϩ and NP Ϫ particles in untreated cells to 76% Ϯ 9% in ZCL278-treated cells. Such a phenotype could reflect the degradation of JUNV particles in the lysosomes, leading to the absence of detection of NP. The lysosome-resistant A647 signal could therefore correspond to the dye used to label the GP antibody trapped alone in a compartment in which the protein components of JUNV would have been degraded. Therefore, we next investigated whether JUNV particles could be found in proteolytically active compartments upon ZCL278 treatment. Image analysis of cells stained for NP and Lamp1, an established lysosomal marker, revealed that ZCL278 treatment significantly increased the colocalization of the A647 signal with Lamp1-positive compartments by a factor of 3 ( Fig. 7E  and F) . To confirm that the Lamp1 compartments containing JUNV particles were proteolytically active, SVG-A cells were coincubated with JUNV-A647 and green fluorescent DQ-BSA in the presence or absence of ZCL278. The DQ-BSA reagent corresponds to the unfolded BSA protein incubated in vitro with very large amounts of FL-BODIPY dye so that upon folding, the dye self-quenches and exhibits minimal fluorescence. Upon proteolytic processing of this BSA, the dye is released and dequenches, emitting a bright fluorescent signal (45) . Strikingly, we observed that ZCL278 increased JUNV colocalization with DQ-BSA ( Fig.  7G and H) , suggesting that a subset of endocytosed JUNV particles was retargeted to proteolytically active compartments in ZCL278-treated cells.
ZCL278 increases the degradation of DQ-BSA but does not affect EGFR degradation or endosomal acidity. Because ZCL278-treated cells had a greater ability to prevent JUNV infection and redirect JUNV particles to lysosomes, we asked whether ZCL278 could have broader cellular effects, including an enhanced proteolytic capacity in infection-free assays. We found that ZCL278 treatment did not affect the degradation of EGFR in SUM159 cells (Fig. 8A) or SVG-A cells (see Fig. S5A and B in the supplemental material).
We also investigated whether ZCL278 treatment interfered with the acidity of the endosomal/lysosomal compartments using LysoTracker red (LTR). Cells were treated with the compounds indicated below for 75 min (comparable to the treatment time used for the JUNV infection experiments for which the results are presented in Fig. 3D ), followed by LTR staining to fluorescently label all acidic compartments. ZCL278-treated cells exhibited LTR fluorescence levels similar to those of untreated controls, as measured by flow cytometry (Fig. 8B) . As controls, cells treated with Baf A, a vacuolar H ϩ -ATPase inhibitor, had a strongly decreased LTR fluorescence, as expected (46) , while treatment with Torin1, a drug that induces autophagy by inhibiting mTOR (47) , led to an increase in LTR fluorescence, as previously observed (48) .
Because we found that JUNV was redirected toward DQ-BSApositive compartments (Fig. 7H) , we tested the effect of ZCL278 on the degradation of DQ-BSA. ZCL278 induced an almost 2-fold increase in the intensity of DQ-BSA fluorescence, as observed by flow cytometry (Fig. 8C) , corresponding to an increase in dequenching of the DQ-BSA due to greater proteolytic processing. The plateau of DQ-BSA fluorescence was reached at the same time point (1 h) by untreated and ZCL278-treated cells, which suggests that the cells exhibit similar degradation kinetics but do so with a different overall capacity. This result indicates that ZCL278 increases the overall lysosomal proteolytic activity of the cell, but the reason for this increase remains unknown. We observed a similar phenotype in the four cell types studied, and compounds that prevent lysosomal degradation by interfering with endosomal trafficking (Jasp) or with the endosomal/lysosomal pH (Baf A and CQ) efficiently prevented BSA degradation (Fig. 8D) .
Taken together, the results of these experiments demonstrate that ZCL278 induces a rapid and robust upregulation of proteolytic degradation of the exogenous soluble BSA added to cells in culture.
Antiviral activity of ZCL278 extends to other enveloped viruses. Given the suspected role of ZCL278 described above, we ϩ and GP ϩ particles; green arrowheads, NP ϩ and GP Ϫ objects considered to be released events; all detected objects were classified as either NP ϩ and GP ϩ or NP ϩ and GP Ϫ ; red arrowhead, a GP ϩ and NP Ϫ object (not taken into account in the following analysis) that possibly represents an endosome with which fusion already occurred. (C) Quantification of the percentage of JUNV material (NP ϩ and GP Ϫ ) released from endosomes. The data are the averages Ϯ SDs from two or three experiments, with each experiment corresponding to 10 fields of view with more than 100 objects counted per condition. Statistical analysis using the two-tailed Student t test was used to show significance. *, P Ͻ 0.05; **, P Ͻ 0.005. (D) Viral fusion at the plasma membrane was artificially induced by placing Vero cells on which JUNV virions were prebound at 4°C, followed by dropping the pH of the extracellular medium in the presence or absence of 50 M ZCL278. The histogram represents the percentage of infected cells for the different conditions measured by flow cytometry. The data correspond to the means Ϯ SDs from duplicate experiments with at least 10,000 cells per condition, and the histogram is representative of the data from two independent experiments. Statistical analysis for significance was performed using the two-tailed Student t test. *, P Ͻ 0.05; **, P Ͻ 0.005. ϩ/ϩ and EGFP-Rab7a ϩ/Ϫ were pretreated for 15 min and then infected with JUNV-A647 for 30 min in the presence or absence of 50 M ZCL278 or 20 mM NH 4 Cl. The cells were then washed, fixed, and stained with an anti-NP antibody coupled to A568. Images were acquired by spinning disk confocal microscopy, and the number of JUNV particles positive for A647 and A568 (NP ϩ and GP ϩ objects) were quantified visually using the same contrast settings. The percentages of the NP ϩ and GP ϩ objects that also contained an EGFP signal are represented in a pie chart, in which the green slice accounts for Rab5c-positive (Rab5 ϩ ), NP ϩ , and GP ϩ objects and the pink slice accounts for Rab7a-positive (Rab7 ϩ ), NP ϩ , and GP ϩ objects. Each condition represents data collected from 10 fields of view, in which more than 120 GP ϩ particles were quantified. (E, F) SVG-A cells were treated as described in the legend to panel D and stained with an anti-NP antibody coupled to A548 and a rabbit anti-Lamp1 antibody, detected with a secondary anti-rabbit IgG antibody coupled to A488. (E) Images were acquired by spinning disk confocal microscopy. Yellow arrowheads, Lamp1-positive and GP ϩ objects. (F) The number of Lamp1-positive and GP ϩ objects normalized by the total number of GP ϩ and NP ϩ particles. Statistical analysis for significance was performed using the two-tailed Student t test. *, P Ͻ 0. hypothesized that the entry of viruses from other families may also be impaired by ZCL278 treatment. We found that the cellular entry of VSV, LCMV, and DV2 was strongly inhibited (Fig. 9A to C) upon ZCL278 treatment, while that of the nonenveloped PV1 remained unaffected (Fig. 9D) . These findings highlight the antiviral activity of ZCL278 against several other enveloped viruses. However, the extent of ZCL278 antiviral activity is variable according to the virus studied, and the precise mechanism of action of ZCL278 remains to be determined.
ZCL278 inhibits JUNV infection in mice. Given the antiviral activity of ZCL278 detected in our in vitro assays, we tested whether it could also prevent JUNV replication in a previously described mouse model of JUNV infection (7) . First, to check for drug toxicity, C57BL/6 mice were injected intraperitoneally with the amounts of ZCL278 indicated below every 24 h for 4 days, and their weights, used as a readout of overall health, were recorded before each injection. The ZCL278 dosage had no significant effect on the body weights of the mice over the treatment period (Fig. 10A) , and the mice in all treatment groups appeared healthy.
Mice were treated with ZCL278 before and after systemic inoculation with 10 6 PFU of the Candid #1 strain of JUNV, according to the protocol depicted in Fig. 10B . As a positive control for viral inhibition, mice were treated with gabapentin, a small molecule that inhibits JUNV entry both in vitro and in vivo by downregulating the JUNV entry factor voltage gate calcium channel (7) . Strikingly, ZCL278 reduced the JUNV RNA load in the spleen more than 33-fold, with JUNV RNA being undetectable in 5 out of 8 mice (Fig. 10C) . These results are similar to those seen in gabapentin-treated mice, demonstrating that ZCL278 could abrogate JUNV replication in vivo. We concluded that ZCL278 is also a potent in vivo antiviral inhibitor of JUNV infection in the mouse model used. Fig. 3D ), and the acidic compartments were stained with LTR. The histogram represents the cellular mean fluorescence intensity of LTR measured by flow cytometry for each condition. The data correspond to the means Ϯ SDs from duplicate experiments with at least 10,000 cells per condition. Torin1 treatment induced higher LTR fluorescence levels than the other treatments, as has been previously observed (46) , while ZCL278 had no effect on LTR staining. (C) Vero cells were untreated or pretreated with 50 M ZCL278 and subsequently incubated for 15, 60, or 120 min with 10 g ml Ϫ1 green DQ-BSA in the presence (blue line) or absence (black line) of the compound. The cells were analyzed by flow cytometry, and the curves represent the mean fluorescence intensity of 488-nm laser-excited cells, which is proportional to the amount of DQ-BSA degraded at the indicated time points after DQ-BSA addition. The data correspond to the means Ϯ SDs from duplicate experiments with at least 10,000 cells per condition. Statistical analysis using the two-tailed Student t test shows significance differences. ***, P Ͻ 0.0005. (D) Vero, SUM159, SVG-A, or A549 cells were pretreated for 15 min with 50 M ZCL278 or 1 M Jasp or pretreated for 2 h with 100 M chloroquine (CQ) or 100 nM Baf A. The cells were then coincubated for 1 h with 10 g ml Ϫ1 green DQ-BSA in the presence of the indicated drugs. The histogram represents the DQ-BSA mean fluorescence intensity normalized by that obtained under the untreated condition for each cell type. The data correspond to the means Ϯ SDs from duplicate experiments with at least 10,000 cells per condition.
DISCUSSION
Our investigation of the cellular entry pathway of the Junin virus led us to establish the absence of a significant role of actin dynamics during JUNV internalization in four cell types. Consistent with this result, we uncovered that Cdc42 plays a minimal role during JUNV infection. We identified the small molecule ZCL278 to be a novel broad-spectrum antiviral compound that inhibits not only JUNV but also VSV, LCMV, and DV2. Finally, we showed that ZCL278 is effective in blocking JUNV replication in mice.
Our work presents new cell line models for the study of JUNV infection. Vero cells are derived from the green African monkey (Chlorocebus sp.) and are commonly used for JUNV infection assays but at present are unsuitable for use in genomic manipulations due to the absence of whole-genome sequencing data from the source organism. A549 cells are human lung cancer cells previously used in JUNV infection experiments (49), but they exhibit a relatively lower permissiveness to JUNV (Fig. 1) . We found that SVG-A cells, derived from a human fetal glial cell line immortalized by simian virus 40 (SV40) large T antigen expression and previously described to support both SV40 and JC virus infection (50, 51) , are highly permissive to JUNV infection. This cell line represents a physiologically relevant model to study JUNV biology because JUNV-induced Argentine hemorrhagic fever manifests with neurological symptoms (1). While they are less relevant, breast cancer SUM159 cells were used here because we have previously optimized gene-editing strategies to express fluorescently labeled endogenous proteins in these cells (27, 33) . Here we showed that we can also manipulate the genome of SVG-A cells by inserting a fluorescent EGFP tag into the N terminus of the endosomal small GTPases Rab5c and Rab7a (Fig. 7) . These cell lines represent useful tools with which to track endosomes without the need to overexpress proteins, which is particularly important because ectopic Rab5 and Rab7 overexpression affects membrane trafficking (52, 53) . Of note, we also generated SVG-A and SUM159 EGFP-Rab5a ϩ/ϩ gene-edited cells, but the fluorescence intensity signal was much weaker than that of the EGFP-Rab5c ϩ/ϩ gene-edited cells described here.
We found that actin microfilament integrity is not strongly required for JUNV internalization (Fig. 2) . These results are in contrast to those of a previous study that showed decreased JUNV infectivity upon long-term small-molecule interference with actin dynamics (14) . In that study, whereas the authors also performed their experiments in Vero cells, they used the IV 4454 strain of JUNV, in contrast to the Candid #1 strain used here. Moreover, our protocol was designed to specifically assess the role of actin during early entry events by interfering with the Ϫ1 gabapentin or 100 g g Ϫ1 ZCL278 were inoculated intraperitoneally (i.p.) with 10 6 PFU of the JUNV Candid #1 strain. At the end of the experiment, the mice were euthanized, their spleens were harvested, and RNA was extracted. D, day. (C) JUNV NP RNA was detected by RT-qPCR, and the data were normalized to those for the GAPDH housekeeping gene. The result for each mouse is represented by one data point. Red lines, means; error bars, SDs (n ϭ 7 for untreated mice, 6 for gabapentin-treated mice, and 8 for ZCL278-treated mice). P was Ͻ0.0001 for gabapentin-and ZCL278-treated mice compared to untreated mice (one-way analysis of variance). n.d., not detected. actin organization for the first 30 min of virus internalization, with further infection being blocked with a neutralizing antibody. Therefore, from the results of our experiments, we conclude that the actin network is not required for JUNV internalization, but we cannot rule out the possibility of a role for actin at later stages of the viral cycle.
ZCL278 was developed as an inhibitor of Cdc42 function (20) , and it is currently patented for its chemotherapeutic potential in the treatment of various cancers (54) . Here, we show that ZCL278 also exhibits antiviral activity with an unknown mechanism of action that differs from its reported function. New small molecules in development that target the viral polymerase or the GP of JUNV have been reported (22, 35, (55) (56) (57) (58) (59) (60) . These drugs are very specific and exhibit inhibitory effects at relatively low concentrations, ranging from 0.5 to 10 M. A recurrent issue when targeting viral proteins as therapy is the potential emergence of drug-resistant viruses. ZCL278 targets a cellular process and exhibits antiviral activity at higher concentrations ( Fig. 3A; IC 50 , ϳ14 M) ; however, this concentration remains lower than that of other wellknown broad-spectrum antipathogen drugs targeting cellular processes, such as ribavirin or chloroquine (usually used at concentrations of Ն100 M). Future work should also assess whether virus mutants that are resistant to the antiviral activity of ZCL278 can be identified.
The relatively high IC 50 required to inhibit infection suggests that either ZCL278 acts on several targets to inhibit virus entry or this small molecule is not fully fitted to interfere with a unique off target crucial for virus entry. Although ZCL278 is described to be a Cdc42 inhibitor, we found that JUNV does not require Cdc42 to infect cells (Fig. 4) , at least in cells exhibiting sustained interference with Cdc42 function. However, we cannot exclude the possibility that cells may be able to compensate for some of the Cdc42 functions by upregulating other related GTPases. Another Cdc42 inhibitor was also tested and exhibited weaker antiviral activity (see Fig. S4 in the supplemental material), but the antiviral mechanism for this compound remains to be determined. In conclusion, although we cannot completely exclude the possibility that Cdc42 plays some role during JUNV entry, our experiments clearly indicate that Cdc42 is not absolutely required for JUNV infection. In this context, we suspect that ZCL278 antiviral activity may not depend on its ability to inhibit Cdc42 function.
ZCL278 affects at least two steps of JUNV entry: first, ZCL278 decreases JUNV RNP release into the cytosol and virus particle fusion when induced at the plasma membrane. This activity is independent of virus attachment or internalization ( Fig. 5 and 6) . A possibility is that ZCL278 directly prevents GP-mediated viral fusion by interfering with either the viral GP or its cellular receptors. Given that the GPs of the various viruses tested differ substantially, it is unlikely that ZCL278 acts on the viral proteins. Second, we found that ZCL278 strongly perturbs the intracellular endosomal trafficking of JUNV particles, on the one hand, and increases the lysosomal proteolytic activity of treated cells, on the other hand ( Fig. 7 and 8 ). However, we did not directly correlate the antiviral activity of ZCL278 with its ability to increase lysosomal degradation. At the cellular level, how ZCL278 affects intracellular trafficking remains unclear. It could be that the altered intracellular trafficking of incoming JUNV particles may prevent them from reaching the appropriate compartment required for fusion. Alternatively, ZCL278 might activate autophagy. ZCL278, however, does not induce an increase in acidic cellular compartments (Fig. 8B) , as has been previously shown for activated autophagy (48, 61 ) and as we have confirmed using the small molecule Torin1. ZCL278 could promote the fusion of early/late endosomes with lysosomes, for instance, by targeting SNARE proteins. Although we did not observe major differences in the distribution of Rab5c, Rab7a, or Lamp1 markers upon ZCL278 treatment, the dynamic turnover of these proteins may prevent the detection of a phenotype using fixed samples. Further investigation of the intracellular trafficking of exogenous cargos in ZCL278-treated cells should help to validate or refute this hypothesis. In conclusion, we surmise that ZCL278 alters membrane trafficking in a yet-tobe-discovered fashion.
We found that ZCL278 inhibited infection by VSV (Rhabdoviridae), LCMV (Old World Arenaviridae), and DV2 (Flaviviridae), while PV1 (Picornaviridae) infectivity remained unaffected. The potency of ZCL278 varied among the different viruses that we tested, with high antiviral activity against JUNV and DV2 and more modest inhibitory activity against LCMV and VSV being observed. Of note, investigating whether ZCL278 also inhibits pathogenic JUNV strains would be useful because their fusion properties may differ from those of the Candid #1 strain that we used (62) . The viruses that we tested are single-stranded RNA viruses with either a positive or a negative orientation, and their GPs are structurally unrelated. Thus, it is unlikely that the activity of ZCL278 against different viruses comes from its ability to specifically bind to such diverse viral envelope proteins. As a common feature, the four enveloped viruses inhibited by ZCL278 require internalization and GP-mediated pH-dependent membrane fusion (11, (63) (64) (65) (66) . In contrast, poliovirus entry is thought to be pH independent (67, 68) , and the viral particles release their RNA content either at the plasma membrane or in vesicles located within 100 to 200 nm of the plasma membrane (68) . Hence, the antiviral effect of ZCL278 could be attributed to the intracellular perturbation of late endosomal membranes, which in turn would prevent/decrease pH-dependent GP-mediated fusion. This model requires further investigation.
Finally, we show that ZCL278 inhibits JUNV replication in vivo (Fig. 10) . The low toxicity observed and the fact that ZCL278 maintains antiviral activity in mice are promising. Small-molecule chemistry should be applied to improve ZCL278's potency and, potentially, help us identify the target that confers its antiviral activity.
